We study the anomalous HZZ couplings in the golden channel gg → H → ZZ → 4 in both on-shell and off-shell Higgs regions. Especially, the interference between Higgs-mediated processes with anomalous HZZ couplings and its continuum background gg → ZZ → 4 is firstly calculated, which is indispensable for constraining the anomalous HZZ couplings in off-shell Higgs region. The analytic formulas and numerical results are given.
I. INTRODUCTION
Since the 125 GeV/c 2 Higgs boson was discovered at Large Hadron Collider (LHC) in 2012 [1, 2] , its properties have been tested more and more precisely [3] [4] [5] . Even though no new physics beyond the Standard Model (SM) has been confirmed so far, it is still necessary and meaningful to search for new physics. There are at least two reasons to insist it. One reason is, in experiment there still left parameter spaces for heavy particles or weak anomalous interactions [6] . Another reason is, the SM has no satisfactory explanation about neutrino mass [7] , dark matter [8] , matter-antimatter asymmetry [9] and etc. . In this paper we study the anomalous HZZ couplings to search for new physics.
The anomalous HV V couplings could be probed through V * → V H process and H → V V process at LHC, where V represents W, Z bosons. Among these processes with their subsequent decays to fermions, leptons or diphotons, the gg → H → ZZ → 4 process
is the most precise one at LHC, which is thus called golden channel and has been studied extensively in theoretical researches and experiments at LHC [46] [47] [48] [49] [50] [51] [52] [53] [54] . The most stringent constraints on the anomalous HZZ couplings is thus from the newest measurement in this golden channel [51] , where the anomalous HZZ couplings are added to the SM Lagrangian by higher dimensional operators and especially for precision two subtle effects are included. One is the interference between new processes and SM processes, the other is the cross section distributions in off-shell Higgs region. However, there is a deficit in this measurement. That is, while the interference between anomalous Higgs-mediated processes and SM Higgs-mediated process are included, the interference between the anomalous Higgsmediated processes and the continuum background box process gg → ZZ → 4 are not included. Actually the later kind of interference could not be neglected especially in the offshell region [39, 48, [54] [55] [56] [57] [58] [59] [60] . To remedy this deficit, we study the interference for anomalous HZZ couplings in gg → 4 processes in both on-shell and off-shell Higgs regions. The analytic formulas and numerical results are given for comparison.
The rest of the paper is organized as follows. In Section II we describe the effective model, the helicity amplitudes with the anomalous couplings. In Section III we embed the helicity amplitudes into the MCFM8.0 package, make calculation for proton-proton collision and get the numerical results of cross sections. In Section IV the constraints on the HZZ anomalous couplings are estimated in off-shell Higgs region. Section V is the conclusion and discussion.
II. THEORETICAL CALCULATION
In this section firstly we introduce the HZZ anomalous couplings in effective model, then we calculate the helicity amplitudes.
A. The effective model
The anomalous HV V couplings have been discussed in effective Lagrangian abundantly [47, 51, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . Here we write the effective Lagrangian for the HZZ coupling
where a 1 , a 2 , a 3 are real numbers, the first term is a dimension-three operator allowed in SM at tree level, while the second term is a dimension-five CP -even operator and the third term is a dimension-five CP -odd operator. Z µ is Z boson field, Z µν = ∂ µ Z ν − ∂ ν Z µ is the field strength tensor of the Z boson andZ µν = µνρσ Z ρσ represents its dual field strength.
When a 1 = 1 and a 2 = a 3 = 0, the Lagrangian would recover to the SM case. The HZZ interaction vertex from this effective Lagrangian is
where v = 246 GeV is the electroweak vacuum expectation value, k,k are the momenta of two Z bosons.
B. Helicity amplitude of the process gg → H → ZZ → 2e2µ
The total helicity amplitude for the process gg → H → ZZ → 2e2µ in Fig. 1 
The Feynman diagram of the Higgs mediated process gg → H → ZZ → 2e2µ.
The black dot represents an effective ggH coupling from loop contributions. vertices in Eq. (2). The specific formulas are
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where h i (i = 1 · · · 6) are helicity indicies of external particles,
is the Higgs propagator. Then we discuss the production and decay parts.
The production part A gg→H (1
) is the helicity amplitude of gluon-gluon fusion to Higgs process, and h 1 , h 2 represent the helicities of gluons with outgoing momenta. For all the other helicity amplitudes in this paper, we also keep the convention that the momentum of each external particle is outgoing. When writing the helicity amplitudes, we adopt the conventions used in [57, 72] :
and we have
To keep the ggH coupling consistent with SM, we make 
with 
and f = −2ie
where M W is the mass of the W boson, θ W is the Weinberg angle, l e and r e ( will appear for other helicity combinations) are the coupling factors of the Z boson to left-handed and right-handed leptons
In Eq.s (10)(11)(12), we only show the case that the helicities of four leptons (h 3 , h 4 , h 5 , h 6 ) are equal to (−, +, −, +). As for the other three helicity combinations (−, +, +, −), (+, −, −, +), (+, −, +, −), their helicity amplitudes are similar to Eq.s (10)(11)(12), but with some exchanges like
Their specific formulas are shown in Appendix A.
The Feynman diagram of the box process gg → ZZ → 2e2µ .
C. Helicity amplitude of the box process gg → ZZ → 2e2µ
The process gg → ZZ → 2e2µ is a continuum background of the Higgs mediated gg → H → 2e2µ process. The interference between these two kinds of processes could have nonnegligible contribution in off-shell Higgs region. The Feynman diagram of the process gg → ZZ → 2e2µ is a box diagram which is induced by fermion loops (see Fig. 2 ).
The helicity amplitude A gg→ZZ→2e2µ box has been calculated analytically and coded in MCFM8.0 package [57, 75] . Another similar calculation that using a different method could be found in gg2VV code [76] .
D. Helicity amplitude of the process gg
The process gg → H → ZZ → 4 with identical 4e or 4µ final states could also be used to probe the anomalous HZZ couplings. In SM the differential cross sections of the 4 (include both 4e and 4µ ) and 2e2µ processes are nearly same in both on-shell and offshell Higgs regions [75] , which indicates adding the 4e/4µ process could almost double the total experimental statistics. This situation could probably be similar for the anomalous . While calculating the total cross section the interference term between Fig. 3 (a) and (b) need an extra factor of -1 comparing to the self-conjugated terms because it connects all of the decayed leptons in one fermion loop while each self-conjugated term has two fermion loops. After considering these details, the summed cross section of 4e and 4µ processes is comparable to the 2e2µ process. More details are shown in the following numerical results. 
III. NUMERICAL RESULT
In this section we present the integrated cross sections and differential distributions in on-shell and off-shell Higgs regions, especially the interference between anomalous Higgs mediated processes and SM processes.
A. The cross sections
To compare the theoretical calculation with the experimental observation at LHC, we need to further calculate the cross sections at hadron level. From helicity amplitude to the cross section there need two more steps, firstly we should sum and square the amplitudes to get the differential cross section at parton level, then integrate the phase space and the parton distribution function (PDF) to get the cross section at hadron level. As following we show these two steps conceptually.
The differential cross section at parton level is
After expanding it, there left the self-conjugated terms and the interference terms that have different amplitude sources. As in the second step the integral of the phase space and PDF are same for each term, we note the integrated cross sections separately by the amplitude sources, which are
Where k, l = {box, SM, CP -even, CP -odd}, the superscripts of A are left out for short.
B. Numerical results for gg → 2e2µ processes
We make the integral of phase space and PDF in MCFM 8.0 package [77, 78] . The simulation is performed for the proton-proton collision at the center-of-mass energy
Higgs mass is set as M H = 125 GeV. The renormalization µ r and factorization scale µ f are set as the dynamic scale m 4 /2. For the PDF set we choose the leading order MSTW 2008 parton distribution functions MSTW08LO [79] . Some basic phase space cuts which are similar to the event selection cuts used in CMS experiment [80] are exerted as follows
Besides, for 2e2µ channel, the hardest (the second hardest) lepton should satisfy P T > 20 (10) GeV; one pair of leptons with same flavour and opposite charge is required to have 40 GeV < m + − < 120 GeV and the other pair needs to fulfil 12 GeV < m + − < 120 GeV.
For the 4e or 4µ channel, there exist four opposite charge lepton pairs as Z boson candidates.
The selection strategy is firstly choosing one pair nearest to the Z boson mass as one Z boson, then considering the left two leptons as the other Z boson. Other requirements are similar to the 2e2µ channel. Table I show the cross sections σ k,l with k, l = {box, SM, CP -even, CP -odd} while 
which means the integrand of σ box,l consists of two parts, one is antisymmetric around It is also worthwhile to point out there is no interference between the CP -odd Higgsmediated process and other processes, which include not only the continuumm background process but also other Higgs-mediated processes. It is because there is an antisymmetric tensor µνρσ in its vertex (see Eq. (2)) while in the other three processes these four indices are symmetrically paired. Its difference is also indicated by an extra i in the analytic amplitude in Eq. (12) .
The interference between CP -even Higgs-mediated process and SM Higgs-mediated process is nonnegligible both in on-shell and off-shell Higgs regions. In on-shell Higgs region, the contribution from interfernce terms is large than that from the self-conjugated terms.
Furthermore, for a 2 = 1 choice, it has minus sign, which make the total contribution of CP -even Higgs-mediated process a destructive effect. In the off-shell region, the CP -even Higgs-mediated process have two interference terms, separately between SM Higgs-mediated process and the box process. These two interference terms have opposite sign, which means they cancel each other partly. Even though, the summed interfernce effect is still comparable to the self-conjugated contribution. process is similar to the magenta histogram since it has no interference effect.
The numerical results at center-of-mass energy √ s = 13 TeV are shown in Table II . By comparing them to the results at √ s = 8 TeV in Table I , we could find that each cross section is increased by about one or two times and their relative ratios have some minor changes. That could be caused by both the PDF functions and kinematic distributions.
C. Numerical results for gg → 4e/4µ processes
The cross sections of gg → 4e/4µ processes are listed in Table III for a comparison and next use. Here gg → 4e/4µ represents the sum of gg → 4e and gg → 4µ. Comparing Table III with Table I , the numbers in the right panels are similar, while the numbers in the left panels have relatively large differences. That is mainly because the different selection cuts [75] . If apply the 4e/4µ selection cuts to the gg → 2e2µ process, σ box,box in the left panels could become similar.
IV. CONSTRAINTS IN OFF-SHELL HIGGS REGION
In this section we show a simple example to constrain a 2 and a 3 by using the data in off-shell Higgs region. Firstly we estimate the expected number of events N exp (a 2 , a 3 ) in off-
shell Higgs region, then compare it with the observed number of events N obs in experiment.
The expected number of events should be
where L is the integrated luminosity, σ tot is the total cross section, k represents the k-factor, is the total efficiency. For simplicity, we assume the k-factor and are same for all gg → 4 processes include the interference terms.
The simulation in CMS experiment [48] with an integrated luminosity of L = 19.7 fb 
where 
The background is mainly from the→ 4 process, which is expected to have N theo bg = 158.4 ± 7.4, the experimental observed number is N obs = 183 and the error for the total expected number is σ N = 7.9 . From these numbers of events, a χ 2 variable is built to fit the a 2 , a 3 coefficients, which is
In principle, the χ 2 is a sum of squares. However, the experiment only provide a single data point, and we can only make this rough estimation. The contour plot of χ 2 is shown in Fig. 5 . The yellow dashed line represents the 1σ bound, which means the χ 2 ≤ χ 
It is more stringent than the constraints in Ref. [47] , which is based on an integrated lumi- In the next step it could be embedded into the Monte Carlo simulation and improve the current experiment.
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